Introduction {#ss1}
============

This article provides a comprehensive review of perlite toxicology and epidemiology. The article is relevant because perlite is widely used for many applications and several new contributions have been written since the last authoritative review.

Perlite (ore CAS\# 130885-09-5) is an amorphous volcanic alumina--silicate rock (in colors ranging from transparent light gray to glossy black) that has a relatively high water content (2--5% w/w), typically formed by the hydration of obsidian. According to Kadey ([@b44]), the name is derived from the classical description (Johannsen, [@b42]) that this mineral was a "glassy rhyolite with a pearly luster and concentric onionskin parting".[^1^](#fn1){ref-type="fn"}

Perlite has the unusual and critical property of expanding ("popping") by a factor of 4--20 (Doğan & Alkan, [@b25]; Ennis, [@b31]; USEPA, [@b76], [@b77], [@b78]) when rapidly heated to 1400--1800 °F (760--980 °C) to create a product termed expanded perlite (CAS \#093763-70-3). Expanded perlite has several attractive physical properties for commercial applications including low bulk density, low thermal conductivity, high heat resistance, low sound transmission, high surface area, and chemical inertness (Ennis, [@b31]; Health Council of the Netherlands, [@b35]). Both the ore and the expanded product are referred to as perlite.

The use of perlite reportedly dates back to the 1800s and modern exploitation of this resource in the United States began in the 1940s (Austin & Barker, [@b2]; Ennis, [@b31]; Jaster, [@b41]; Shackley & Allen, [@b67]; Weber, [@b81]), but might have been used elsewhere as much as 2300 years ago (Kadey, [@b44]). Perlite mines are located in several countries of the world. [Figure 1](#f1){ref-type="fig"} shows that 10 countries accounted for approximately 95% of the world production of 3 470 000 metric tons in 2011 (British Geological Survey, [@b12]). Major world perlite producers include Greece, China, Iran, Turkey, the United States and Japan. Crushing, drying, and screening are typically done at the mining sites prior to shipment to expanding plants. The low density of expanded perlite favors the location of expanding plants near market areas to minimize transportation costs. Figure 1.Ten largest perlite producers in 2011 ranked in descending order of output (% of world production). These accounted for 95% of world production of perlite (3 470 000 metric) Source: British Geological Survey, [@b12].

In the United States, crude perlite ore production (424 000 metric tons in 2012) came from eight mines operated by six companies in five Western States (see Bolen, [@b8], [@b9]). New Mexico is the major producing state in the United States. Processed crude perlite was expanded at 50 plants in 27 states (Bolen, [@b9]). In 2012, the US imported (Bolen, [@b9]) an estimated 168 000 metric tons (chiefly from Greece) and exported 35 000 tons (chiefly to Canada). World reserves and resources of perlite are abundant.

For economic reasons, most perlite mines are surface mines; details of the mining process are reviewed in several publications (e.g. Kadey, [@b44]; USEPA, [@b76]). After removal of overburden,[^2^](#fn2){ref-type="fn"} Perlite mines use ripping, blasting, or both after which the ore is loaded on trucks or scrapers for transport to the processing plant. Crude perlite processing is limited to crushing, drying, grinding, screening, sizing, and possibly blending; commercial deposits of perlite have little overburden and no chemicals are used in the processing of perlite (Perlite Institute, [@b57]), which generates relatively modest environmental impacts compared to mining and beneficiation operations for many other ores.

Expanded Perlite production is done in expansion furnaces; after preheating and heating (where the volcanic glass is softened and entrapped water molecules turn to steam and expand the particles) a suction fan is used to draw the expanded particles (now with a white color) from the furnace and transport them pneumatically to a cyclone classifier system. The cyclone classifier system collects the expanded particles, and removes excessive fine particles (details on processing can be found in USEPA, [@b77], [@b78]). Expanded perlite can be manufactured to various densities (Austin & Barker, [@b2]) ranging from 2 lbs/ft^3^ (32 kg/m^3^) to 15 lbs/ft^3^ (240 kg/m^3^) and can be produced in various dimensions as required for specific applications. Producers use different nomenclature to describe perlite grades; some use terms such as fine, medium, coarse, while others define grades by application (e.g. horticultural, cryogenic, industrial, and construction). Grain sizes vary by grade and producer and, depending upon grade could range from ∼20 μm to as much as 10 mm.[^3^](#fn3){ref-type="fn"}

Applications {#ss2}
============

Although the major perlite markets are for expanded perlite, crude perlite ore is used in certain industrial applications including sandblasting, as a slag coagulant, special casting sand, and metal finishing (Perlite Institute, [@b57]). Major markets for expanded perlite in the United States (Austin & Barker, [@b2]; Bolen, [@b8]; Ennis, [@b31]) vary by grade and include formed products (e.g. acoustic ceiling tiles, pipe insulations, and insulation boards), fillers (caulking compositions, paints, plastics, loose fill insulation, packing materials), horticultural aggregate (soil-less culture of plants, mixed with peat as a propagating medium), and as a filter aid (wastewater treatment, and to filter vegetable and fruit juices, soft drinks, and pharmaceutical applications). There are numerous other applications (Perlite Institute, [@b57]). Perlite has been studied as an ingredient in toothpaste (Collins et al., [@b16]; Stamm, [@b69]), a dietary supplement for broilers (Tatar et al., [@b70]), a component of swine-fodder (Duchstein, [@b28]), a component of landfill liners for the *in situ* leachate treatment of landfills (Ozel et al., [@b54]), for the removal of cadmium, nickel, and lead from aqueous solutions (Aminifard et al., [@b1]; Malakootian et al., [@b48]; Torab-Mostaedi et al., [@b72]), as a passive material in the form of ceiling tile for removal of ozone from indoor air (Cros et al., [@b23]), in mycotoxin detoxification of animal feed (Huwig et al., [@b38]), and as a component of a stormwater filter (Gironás et al., [@b33]).

Competitive commodities that can substitute for perlite include (depending upon application) polystyrene, diatomite, expanded clay and shale, pumice, slag, synthetic vitreous fibers, and vermiculite (Baker & Santini, [@b3]; Bolen, [@b9]; Papadopoulos, [@b55]).

Composition {#ss3}
===========

Chemically, perlite ore consists of SiO~2~, Al~2~O~3~, and lesser amounts of several metal oxides (sodium, potassium, iron, calcium, and magnesium). [Table 1](#t1){ref-type="table"} shows the composition of perlite ores from several countries. The endpoints of the composition ranges shown in [Table 1](#t1){ref-type="table"} come from different mines in the countries referenced. The chemical composition of perlite from any particular mine is less variable than the ranges shown in [Table 1](#t1){ref-type="table"}. Table 1.Chemical composition of Perlite from various sources.OriginUSGreeceTurkeyHungaryYemenKoreaBulgariaSlovakiaSiO~2~65--77.571--7571--7568--7565--7568--6970--8068--73Al~2~O~3~11--1812--1612.5--1810--159.4--12.811.95--15.810--157.5--15Na~2~O2.4--4.63.0--4.02.9--4.02.8--4.53.37--4.253.2--4.4\<102.5--5.0K~2~O1.4--5.74.0--5.04.0--5.03.2--4.53.6--4.12--3.94\<102--5.5Fe~2~O~3~0.5--2.20.5--2.00.1--1.51.0--2.52.68--3.660.7--1.63\<1.51.0--2.0MgO0.1--0.70.2--0.70.03--0.50.2--1.50.5--0.930.35--0.48\<1.0\<1.0CaO0.5--3.60.5--1.50.5--2.01.5--2.00.87--1.841.57--1.89\<1.50.5--2.0Loss on ignition2--52--54.12.0--5.00.35--3.94NR\<53.0--4.1SourceDiverseSampatakakis et al., [@b63]Doğan & Alkan, [@b25]; Kabra et al., [@b43]Mineralholding Ltd.Sa'ad et al., [@b61]Noh & Boles, [@b52]Yanevaet al., [@b87]LB Minerals[^1]

Various mineral impurities in relatively low concentrations can be found in most perlite deposits, including biotite, chert, feldspar, and oligoclase (see e.g. Austin & Barker, [@b2]; Sa'ad et al., [@b61]; Weber, [@b81]), but the most significant from a toxicological perspective is crystalline silica (quartz, cristobalite, and tridymite). Safety data sheets for commercial perlite report various percentages of crystalline silica (ranging from \<0.05 to 5%). IARC ([@b39]) concluded that respirable crystalline silica in the form of quartz or cristobalite dust is carcinogenic to humans (Group 1). Occupational exposure to crystalline silica can cause silicosis and increase the risk of pulmonary tuberculosis. These exposures have also been linked to the development of autoimmune disorders, chronic renal disease, and other adverse health effects (NIOSH, [@b51]).

Regulatory status and occupational exposure limits (OELs) {#ss4}
=========================================================

[Table 2](#t2){ref-type="table"} provides a brief summary of information on the regulatory status of perlite and various regulatory or advisory exposure limits. Perlite is not listed as a carcinogen by IARC, NTP, ACGIH, OSHA, or California Prop. 65. Used as a filter aid, perlite is included in the US Food and Drug Administration (FDA, [@b79]) database as Generally Recognized as Safe (GRAS) according to the Select Committee of GRAS Substances (SCOGS, [@b66]) Report 61 (1979), which noted: "Estimates of the maximum quantities of minerals that might be extracted from perlite and diatomaceous earth used as filteraids in food processing indicates no hazard to public health". Perlite is included in the Register of Feed Additives by the European Food Safety Authority (EFSA). Table 2.Summary information on perlite.ItemCAS/EINECS NO.CAS: 130885-09-5 (perlite ore); EINECS: Not listed CAS: 093763-70-3 (expanded perlite);EINECS: Not listed; RTECS No. SD5254000; REACH Exempted according to art.2 par 7b and Annex V.7.NAICS (2012) CodesMining: 212399 (All other non-metallic mineral mines) Processing: 327992 (Ground or treated mineral and earth manufacturing)CompositionVaries with source, see [Table 1](#t1){ref-type="table"}.CarcinogenicityNot listed as a carcinogen by IARC, NTP, OSHA, or CA Prop 65. ACGIH: A4 -- Not Classifiable as a Human Carcinogen Perlite does not meet the criteria for classification as hazardous according to EC Regulation 1272/2008 and Directive 67/548/EC as amended.WHMISDoes not meet criteriaFDAGRAS SCOGS Report \#61, 1979 (<http://www.fda.gov/Food/IngredientsPackagingLabeling/GRAS/SCOGS/ucm260952.htm>)EFSAEFSA approved in subcategory of binders, anticaking agents, and coagulants E 599 Panel on Additives and Products (<http://www.efsa.europa.eu/en/search/doc/68e.pdf>).OELs for selected countriesOSHA PNOR: 15 mg/m^3^ (total dust), 5 mg/m^3^ (respirable fraction) 8-h TWA NIOSH REL: 10 mg/m^3^ (total dust), 5 mg/m^3^ (respirable fraction) 8-h TWA ACGIH TLV: PNOS 10 mg/m^3^ (inhalable particles), 3 mg/m^3^ (respirable fraction) 8-h TWA Australia: 10 mg/m^3^, 8-h TWA Belgium: 10 mg/m^3^ (inhalable particles), 2 mg/m^3^ (respirable fraction) 8-h TWA Canada (Ontario, British Columbia): 10 mg/m^3^, 8-h TWA, <http://www.e-laws.gov.on.ca/html/regs/english/elaws_regs_900833_e.htm> and <http://www2.worksafebc.com/publications/ohsregulation/GuidelinePart5.asp?ReportID> = 32895. China: 8 mg/m^3^ (total dust), 4 mg/m^3^ (respirable fraction) 8-h TWA (Liang et al., [@b45]) Denmark: 10 mg/m^3^ (inhalable particles), 5 mg/m^3^ (respirable fraction) 8-h TWA Greece: 10 mg/m^3^ (inhalable particles), 5 mg/m^3^ (respirable fraction) 8-h TWA Ireland: 10 mg/m^3^ (inhalable particles), 5 mg/m^3^ (respirable fraction) 8-h TWA[^a^](#T2_1){ref-type="fn"} Netherlands: 10 mg/m^3^, 8-h TWA, as inhalable dust Spain: 10 mg/m^3^ (inhalable particles), 3 mg/m^3^ (respirable fraction) 8-h TWA[^b^](#T2_2){ref-type="fn"} UK: 10 mg/m^3^ (inhalable particles), 4 mg/m^3^ (respirable fraction) 8-h TWAPotentially exposed cohort in the USTotal from NOES survey 215,854 persons in 1981--1983, see <http://www.cdc.gov/noes/noes1/b0105sic.html>.Production (US)Domestic production 424 000 metric tons; apparent consumption 557 000 metric tons (Bolen, [@b9])Major producing locations in USThe processed crude perlite was mined in eight mines located in Arizona, Idaho, Nevada, New Mexico, and Oregon (Bolen, [@b8]). Perlite was expanded at 50 plants located in 27 states (Bolen, [@b9]).[^2][^3]

From a regulatory standpoint, perlite is regarded as what was formerly termed a "nuisance dust" (now particulates not elsewhere regulated \[PNOR\]) by OSHA (a conclusion also reached more recently by the Health Council of the Netherlands ([@b35]). In the United States, the applicable OSHA permissible exposure limit (PEL) is 15 mg/m^3^ (total dust), 5 mg/m^3^ (respirable fraction) 8-h time weighted average (TWA). (There is no applicable short-term exposure limit.) The current administrative occupational exposure limit for perlite in the Netherlands is 10 mg/m^3^ 8-h TWA, as inhalable dust (Health Council of the Netherlands, [@b35]), a health-based recommended occupational exposure limit (HBROEL) that was supported by a no observed adverse effect level (NOAEL) derived from animal testing. Applicable OELs in several other countries are shown in [Table 2](#t2){ref-type="table"}.

It should be noted that exposure to any dust at levels significantly above the designated occupational exposure limit might result in adverse health effects. And, as written by Elmes ([@b30]) in discussing "nuisance dusts", "There is, of course, no scientific basis for the concept that 'nuisance' dusts are completely safe or are only dangerous if they contain quartz". What is correct is that compared to others, PNOR, as a class, are likely to exhibit fewer and less severe health effects than exposures to other dusts, particularly if exposures are well controlled.

Exposed population in the United States {#ss6}
=======================================

USGS estimates that 92 persons were engaged in perlite mining in the United States in 2013 (W. Bolen, USGS personal communication, 26 November 2013, 703-648-7727). There are no published data on the employment in perlite expansion plants per se, but the average employment per plant in NAICS 327992 (which includes facilities engaged in ground or treated mineral and earth manufacturing) was approximately 25 in the 2007 census, which equates to approximately 1250 workers employed at domestic expansion plants using Bolen's ([@b9]) estimate for the number of expansion plants in the US (see [Table 2](#t2){ref-type="table"}).

Between 1981 and 1983 NIOSH conducted the National Occupational Exposure Survey (NOES) that collected data on potential occupational exposures to chemical, physical and biological agents. The estimated population exposed to perlite in the United States was 215 854 persons, which ranked 385th among the agents included in the NOES database (<http://www.cdc.gov/noes/noes3/empl0001.html>). This survey has not been updated. Thus, it is clear that the majority of the perlite-exposed workers are employed by end-users.

Occupational exposures {#ss7}
======================

There are only very limited published data available on workplace exposures in mining and expanding plants (see below) and only one study (Breum et al., [@b11]) that addresses end-user exposures. The Breum et al. ([@b11]) study examines simulated perlite exposures during installation of loose fill building insulation. Exposures in this study were measured for only brief (8--10 min) periods (not 8-h TWAs) and (in the case of perlite) for only four samples; sample results for installation of attic insulation; installer (inhalable dust geometric mean (GM) 160 mg/m^3^) and helper (inhalable dust GM 4.5 mg/m^3^) and for insulation in the wall, installer (inhalable dust GM 98 mg/m^3^) and helper (inhalable dust GM 4.9 mg/m^3^). The authors noted that use of respirators would be required.

Health effects {#ss8}
==============

Our knowledge of the industry permitted us to identify many relevant unpublished studies. Additionally, we performed an extensive online literature search to identify relevant studies of humans and laboratory animals. These are discussed below.

Studies of human populations occupationally exposed to perlite {#ss9}
--------------------------------------------------------------

There have been several studies of the health effects of occupational exposure to perlite. For the most part these studies have concluded that exposure to perlite results in similar effects to those resulting from exposure to most inert insoluble dusts.

One long-standing series of medical surveillance studies was sponsored by the Perlite Institute on behalf of several perlite producers (mines and expanding plants) in the United States (Cooper, [@b18], [@b19], [@b20]; Cooper & Sargent, [@b21]; Weill, [@b82], [@b83]):Cooper ([@b18]) performed a radiographic survey of workers from 10 facilities (including mines and expansion plants) in Western US states. The available data did not permit a reconstruction of an exposure history for the workers studied, but limited data suggested that at least some workers were exposed to dust levels above the applicable OEL. Records were available for 285 men (100 in mines and 185 in expanding plants), including both current and past employees ("leavers"). Of these, X-ray films were available for 240 of the 285 workers with job tenures ranging from 1 to 23 years. The study found no individuals with definite X-ray evidence of pneumoconiosis in the cohort other than two workers with prior histories of working with diatomaceous earth. The author concluded "These results support the position that perlite does not produce pneumoconiosis" but cautioned "since no individuals had exposure for more than 25 years and, since some crude perlite ores contain as much as 6% crystalline silica (i.e. quartz), it is prudent to keep exposures at or below nuisance dust levels, and to maintain medical surveillance". No data were provided on the respirable crystalline silica content of the ores, however.Subsequently, Cooper ([@b19]) studied the pulmonary function of workers with one or more years working at three plants in the San Louis valley of northern New Mexico and southern Colorado, one of which had a collocated expansion facility and the other two operated perlite mines. Among 135 eligible workers, pulmonary function was studied in 117 (87%); those not sampled included six workers on vacation, four with shift schedules that did not permit testing, three men on medical leave, two with illnesses in their families and three who refused the examination. The occupational tenure of those studied ranged from 1 to 23 years with an average of 7.9 years. Review of the chest X-rays confirmed the findings from previous study which showed no changes indicative of pneumoconiosis. Measurement of forced vital capacity (FVC) did not show reductions correlated with length of exposure, after effects of cigarette smoking had been taken into account. The study results indicated that there were slight but not statistically significant reductions in forced expiratory volume in one second (FEV~1~) and in FEV~1~/FVC, which were associated with years of employment. The author concluded that even though the data showed no evidence of pneumoconiosis by chest radiography or FVC, it was prudent to control exposures and to continue medical surveillance.In 1983, Cooper & Sargent ([@b21]) examined chest films from 152 workers who had been employed five or more years in perlite mining and processing -- 42 of whom had worked in the industry more than 15 years and 19 more than 20 years. Nearly all of these workers were exposed to dust levels beneath the OEL, but some (those engaged in bagging of expanded perlite) were exposed to dust levels above the OEL. However, the data did not permit estimation of cumulative dust exposure. The authors concluded: "This review of 152 chest films of perlite workers with over 5 years of employment gave no indication that any workers are developing pneumoconiosis. There were no films with small opacities of profusion greater than 0/1". Measurements of pulmonary function in 122 perlite workers showed a small reduction in FVC that correlated with employment duration, but stepwise regression analysis did not show this to be statistically significant. Rather the authors concluded "the most important factor influencing pulmonary function in perlite workers is cigarette smoking. This was supported by regression analysis and by comparing tests 8 years apart in 66 men with differing smoking patterns".In 1980, Cooper summarized earlier findings in an EPA workshop on substitutes for asbestos and indicated that preliminary indications of ongoing studies supported earlier findings that there was "no evidence of a systematic reduction of function associated with perlite exposure" (Cooper, [@b20]). Elmes ([@b30]) concluded that the Cooper studies of perlite-exposed workers confirmed that "prolonged exposure produces little if any X-ray change or loss of lung function".Weill ([@b82], [@b83]) wrote reports (unpublished in the peer-reviewed literature) that described continued studies (respiratory symptoms, pulmonary function, and chest X-rays) of workers exposed to perlite. The 1990 study included plants in New Mexico, Colorado, and an expanding facility in Illinois. Pulmonary function results were available for 132 workers (no exposure duration reported) that indicated normal, very mild, or mild abnormality in 131 workers and moderate abnormality in 1 worker. This study included an analysis of chest films in 147 workers, some of which Weill regarded as being of poor technical quality. Nonetheless, considering the available evidence, Weill concluded that there was no evidence of pneumoconiosis and "The working population is healthy, from a respiratory standpoint, not exhibiting undue respiratory symptoms, and having, on average, normal lung function". The 1994 study included seven expanding plants and 89 workers with an average duration of 7 years with some exposed as long as 26 years. Average FEV~1~ and FVC (% of predicted) among male workers (95% of population), including smokers, were 100.6 and 104.2% predicted, respectively. Results for female workers (5% of total), including smokers, were 99.3 and 106.8% predicted for FEV~1~ and FVC, respectively. Although this cohort was relatively young with limited exposure duration, the author concluded "This survey provides substantial reassurance that the currently employed workforce has, to date, been free of any evidence of a silicosis risk, or, indeed, any measurable adverse respiratory effects of perlite exposure".

Studies have also been conducted of workers occupationally exposed to perlite in plants in Turkey (Çalişir et al., [@b13]; Çok et al., [@b15]; Polatli et al., [@b58], [@b59]; Uçan et al., [@b74]). One of the difficulties of evaluating studies of perlite workers in Turkey is the high percentage of smokers in the population. Cigarette smoking is associated with several adverse effects in the lungs including chronic inflammation typical of chronic bronchitis, structural damage as seen with emphysema, functional impairment resulting in obstructive lung disease, radiographic abnormalities including irregular opacities, and lung cancer. There is some controversy whether smoking is an independent risk factor for the presence of small irregular opacities and pneumoconiosis (see e.g. Blanc & Gamsu, [@b5]; Hessel et al., [@b36]; Weiss, [@b84]), but it is clear (and not surprising) that cigarette smoking is a confounding factor in any analysis of the effects of dust exposure.The Uçan et al. ([@b74]) study included only 27 workers exposed to perlite for only 4 years (see Polatli et al., [@b59]) and is of limited relevance.The Çalişir et al. ([@b13]) study included 53 perlite workers and noted that small airway obstruction was found; nonetheless, they concluded that the decrease in flow rate was associated with smoking because 70% of the workers had smoking histories up to 17.9 pack-years.[^4^](#fn4){ref-type="fn"}Polatli et al. ([@b58]) studied 65 perlite workers and 13 office workers. In this study, results of PFTs were negatively correlated with cigarette smoking, but not with perlite exposure.Polatli et al. ([@b59]) studied 36 perlite exposed and 22 unexposed (office) workers (all smokers) at a perlite plant in Menderes near Izmir (activities not stated). They noted that respirable dust levels exceeded the OEL in the years under study, but because workers were rotated in the facility there was no method for estimating cumulative dust exposures. Four of the perlite-exposed workers were from the Cappadocia and Anatolia regions and might have been environmentally exposed to asbestos. Polatli et al. ([@b59]) found that among non-smoking perlite-exposed workers all radiographs were normal. Among 27 perlite-exposed smokers, chest X-rays of three workers were interpreted as showing small rounded opacities (0/1 = doubtful) and 7 workers exhibited abnormalities (tuberculosis in three, diaphragmatic pleural calcification in two, and probable asbestosis in two, which the authors believed was due to environmental asbestos exposure). The authors concluded that 12-year perlite exposure did not lead to a decrease in mean pulmonary function tests nor exhibit any correlation between PFTs and duration of work in perlite areas. However, they noted that there was "a tendency to decline in the transfer factor for carbon monoxide (T~L~, CO or diffusion capacity) in the 4-year study period, which might be due to high perlite dust levels". The study is of interest in suggesting that measurements of the transfer coefficient might provide improved detection of the early effects of perlite exposure. The fact that dust levels exceeded the OEL makes it difficult to assess the likely health effects in a well-controlled workplace. This study was evaluated by the Health Council of the Netherlands ([@b35]), which found no reason to revise the perlite OEL.Çok et al. ([@b15]) studied 99 workers in a perlite processing facility in Izmir, Turkey. Among 22 workers those with a lowered transfer coefficient, there was evidence of reduced FVC and FEV~1~, but all were smokers with a mean 22.1 (±9.3) pack-years. The 22 workers with reduced transfer coefficient had a longer tenure (16.6 ± 6.6 years compared to 11.2 ± 4.8 years), but no estimates of cumulative exposure were reported.

As of this writing there are no other published long-term studies of the effects of occupational exposure to perlite. The above studies of workers occupationally exposed to both perlite ore and expanded perlite, including some that were exposed to perlite dust at levels above the present OEL provide strong evidence that the health effects of occupational exposure to perlite dust are relatively minimal; little (if any) pneumoconiosis, decrease in lung function, or respiratory symptoms.

Du et al. ([@b27]) examined the acute effects of perlite exposure on workers in a plant located in Taiwan following an accidental spill and explosion, which released perlite insulation. Among 24 exposed workers followed for more than 6 months, three developed persistent respiratory symptoms compatible with reactive airway dysfunction syndrome (RADS). During a simulation experiment designed to replicate possible perlite exposures following the accident, the average air concentration was estimated to be in the range of 191 to 4150 mg/m^3^. Although the exposure was brief, the level was orders of magnitude higher than any applicable OEL.

Studies of populations environmentally exposed to perlite {#ss10}
---------------------------------------------------------

Sampatakakis et al. ([@b63]) conducted a mortality and morbidity study of the permanent resident population of the island of Milos, Greece. The island has a long history of mining for various minerals including barite, bentonite, kaolin, manganese, obsidian, perlite, pozzolan, sulfur and zeolites (Economopoulos, [@b29]; Tzintzos, [@b73]). Today, mines on this island are major sources of bentonite, perlite and pozzolan. The authors sought to determine whether or not environmental exposure to various mining dusts (particularly, but not exclusively bentonite and perlite) might affect the respiratory health of residents of this island.

Mortality study results {#ss11}
-----------------------

Deaths (in total, and associated with acute respiratory infections, pneumonia, chronic obstructive pulmonary disease (COPD), pneumoconiosis, cancer of the lung, trachea, and bronchus, and other diseases of the respiratory system) on Milos over the period 1999--2009 were compared to deaths from these same causes in the Cyclades Prefecture (a former administrative prefecture of Greece in which the island of Milos was located). Standard mortality ratios (SMRs) and associated confidence intervals were computed. [Figure 2](#f2){ref-type="fig"} shows the estimated SMRs and 95% confidence intervals by cause of death for men and women combined for the period 1999--2009. Figure 2.Estimated SMRs and 95% confidence intervals by cause of death for men and women of Milos, Greece, combined for the period 1999--2009. Source: Data presented in Sampatakakis et al., [@b63].

Over the period 1999--2009 there were deficits (i.e. SMRs \<100) in mortality for total deaths, and those due to acute respiratory infections, pneumoconiosis, cancer of the lung, trachea, and bronchus, and other diseases of the respiratory system. SMRs for pneumonia and COPD exceeded 100, but were not statistically significant. Moreover, the strength of the association for these two causes of death with elevated SMRs would be termed "weak" compared to the threshold suggested by Wynder ([@b86]).[^5^](#fn5){ref-type="fn"}

The investigators also calculated SMRs for the total of respiratory deaths for other time periods and observed an excess for the period 1989--1998. Then for 1999--2009, on a year-by-year basis, there was a decreasing trend in the SMR for total respiratory deaths, which the authors claimed might be related to improvements in the mining-extraction process[^6^](#fn6){ref-type="fn"} or to an easier access to health care services. (Statistics from the Greek Mining Association indicate that production of both bentonite and perlite increased substantially over the years from 1990 to 2008). In any event, the SMR for total respiratory deaths in recent years (1999 forward) has not been significantly elevated.

Morbidity study results {#ss12}
-----------------------

For the morbidity study the authors selected (sampling procedure critical but not specified) a sample of 269 persons residing on the island of Milos along with 1811 persons in the municipality of Oinofita for comparison. Oinofita is described by the authors as an industrial region housing chemical production, detergents, pesticides, pharmaceuticals, leather production, aluminum, and food production. Whether this municipality is appropriate for comparison is questionable; other studies (e.g. Linos et al., [@b46]) indicate that there is elevated cancer of several sites due to oral ingestion of contaminated (hexavalent chromium) drinking water.

The study team administered a questionnaire to residents of Milos and Oinofita supplemented with face-to-face interviews that reportedly covered such topics as demographic and socioeconomic characteristics, smoking habits, and whether or not the respondent had ever been diagnosed by a medical doctor with specific system diseases (ICD9[^7^](#fn7){ref-type="fn"} range: 460--519) or lung cancer (ICD9 162). Based upon responses to the questionnaire, the authors computed odds ratios (ORs), both raw and corrected for gender, age, and smoking using logistic regression. Corrected ORs for allergic rhinitis (2.24, 95% CI \[1.2, 4.39\]), pneumonia (5.47, \[2.73, 10.97\]), and COPD (2.28, \[1.11, 4.66\]) were elevated and statistically significant. ORs for asthma, respiratory failure, and cancer of the lung, trachea, and bronchus, were not significantly elevated. The significance of the results of the mortality and morbidity studies is addressed in the discussion section.

Another study {#ss13}
-------------

Bania et al. ([@b4]) also reported results of a health surveillance study of patients in the Milos (Greece) Health Centre. The authors collected data (demographics, risk factors, possible occupational exposure, COPD, and FVC and FEV~1~) on 181 patients. This study concluded that 5.5% of patients had COPD. Among these 77.9% had no occupational exposure of perlite, bentonite, kaolin, or asbestos. The authors also concluded that the incidence of COPD was independent of occupational exposure to minerals among the 22.1% occupationally exposed.

Results of the mortality study of residents of Milos, Greece, did not reveal any significantly elevated SMRs. Results of a companion morbidity study of residents of Milos, Greece, are suggestive and cautionary, but it is not possible to ascribe the observed effects to specific mining activities or emissions (such as those related to perlite production) without further research. Moreover, these results are inconsistent with another recent study as discussed below.

Animal study results {#ss14}
--------------------

The toxicity of perlite has been investigated in studies of mice, rats, and guinea pigs exposed via intratracheal administration and inhalation. [Table 3](#t3){ref-type="table"} summarizes the available studies by pathway and date. The Health Council of the Netherlands ([@b35]) reviewed these studies and concluded:""Based on the above data, the committee takes the NOAEL of 226 mg/m^3^ in rats or guinea pigs (18-month inhalation study) as a starting point in deriving a HBROEL. For extrapolation to a HBROEL, an overall assessment factor of 9 is established. This factor covers the following aspects: intra- and interspecies variation. Applying this factor and the preferred value approach would lead to a health-based occupational exposure limit of 20 mg/m^3^, which is still higher than the usual occupational exposure limit for nuisance dust (10 mg/m^3^)"." Table 3.A summary of animal studies conducted with perlite.PathwaySpeciesResultsSourceInhalationGuinea pig & ratIn an 18-month inhalation study, guinea pigs and rats (numbers, strain, or sex not given) were exposed to perlite dust at a concentration of 226 mg/m^3^. No significant pulmonary reaction, including fibrosis, was observed. No further details were given. The authors concluded that perlite acted as an inert or nuisance dust.Vorwald, [@b80], cited in Cooper, [@b18] and Health Council of the Netherlands, [@b35].InhalationGuinea pigInhalation exposure of 284 mg/m^3^, 8 h/d, 5.5 d/wk. for six months "appeared to stimulate the progression of experimental tuberculosis". When exposure ceased the tuberculosis infection progressed for about eight months and then began to heal and ultimately was arrested.Schepers, [@b64] as reported in Cooper, [@b18].InhalationGuinea pigGuinea pigs were exposed to perlite dust at mean airborne concentrations of 0 or 6.6 mg/ml for 30 min/d, 5 d/wk, for 24 wk. Another group was exposed to fir bark dust. Perlite mass median aerodynamic diameters (MMADs) ranged from 1.7 to 1.9 µm. No pulmonary fibrosis or extensive destruction of parenchymal tissues was observed, but the authors con noted "moderate to severe" changes in the lungs for both dusts. The authors concluded that perlite particles were more than just a nuisance dust.McMichael et al., [@b50], [@b49]. The reported dose might be a misprint, but is extremely high. Health Council of the Netherlands converted this to 6,600 mg/m^3^ and noted it was unrealistically high.Intratracheal injectionGuinea pigNine perlite products were tested in guinea pigs, by weekly intratracheal injection of 0.5 ml of a 5% perlite suspension in saline for 3 wk. At 4 to 12 months after the last injection, no evidence of pulmonary fibrosis was shown.Vorwald, [@b80], cited in Cooper [@b18].Intratracheal instillationRatA single intratracheal instillation of a 75 mg/ml saline dose of perlite (18--30% quartz) produced a "foreign body reaction" in white male rats, but no pulmonary fibrosis was observed (post observation period not reported).Timar et al., [@b71] as cited in Health Council of the Netherlands, [@b35].Intratracheal instillationRatA single 50 mg suspension of crude or expanded was administered intratracheally to albino rats. Nine months later, it was found that expanded perlite caused more lung fibrosis than crude perlite, but the degree of fibrosis was not reported.Borshchevkii et al., [@b10] as cited in Health Council of the Netherlands, [@b35].Intratracheal instillationRatRats given a single intratracheal instillation of 50 mg perlite dust showed pulmonary fibrosis at 12 to 18 months following administration. The perlite composition was not specified.Liu et al., [@b47], as cited in Health Council of the Netherlands, [@b35].Intratracheal instillationRatIntratracheal infusing (instillation) of 5 mg perlite dust in 5% alcohol did not result in a strong pulmonary fibrogenic reaction in rats, at 12 wk after administration. No more details were provided.Ueda et al., [@b75] as cited in Health Council of the Netherlands, [@b35].Acute oral toxicityRatAcute oral toxicity tests in rats ingesting perlite were performed by the Rosner-Hixon Laboratories in 1977. The results of the tests showed that the acute oral LD~50~ of perlites for rats is greater than the largest dose administered in the test (10 g/kg body weight).Schundler Company, [@b65], <http://www.schundler.com/perlitehealth.htm>.Acute oral toxicityRatIn 1982, the WIL Research Laboratories conducted studies to examine the acute oral toxicity, if any, of agglomerated filter aid in albino rats. The study showed no signs of systemic toxicity, and concluded that the LD~50~ was greater than the highest dose level administered to the rats (10 g/kg body weight.)Schundler Company, [@b65], <http://www.schundler.com/perlitehealth.htm>.Oral ingestionMouseOhkuma et al. ([@b53]) and Itoh et al. ([@b40]) performed acute toxicity studies using dd/y and C3H/He mice. The results showed no acute toxicity despite large doses. The estimated LD~50~ was 12 960 mg/kg or more in each case.Cited in Sakai & Nagao, [@b62].Oral ingestionMouseGroups of male and female mice were given diets containing 0%, 1%, 10%, 20% perlite for 28 wk. Appearance, behavior, and food consumption of mice of treated groups were not affected during the experimental period.Sakai & Nagao, [@b62].

The inhalation pathway is most relevant biologically. Among these, the Vorwald ([@b80]) and Schepers ([@b64]) studies are most relevant. The Vorwald ([@b80]) study did not result in any significant pulmonary reaction, including fibrosis. The Schepers ([@b64]) study resulted in apparently reversible effects. The McMichael et al. ([@b50], [@b49]) studies failed to disclose any fibrosis or "extensive destruction of parenchymal tissues", but did result in "moderate to severe" changes in the lungs of guinea pigs exposed to perlite. However, the doses used in the McMichael studies were exceptionally high and well above any OEL. Significantly the Health Council of the Netherlands ([@b35]) did not base any risk calculations on the McMichael studies.

Reproductive toxicity {#ss15}
---------------------

We could find no published studies on reproductive toxicity of perlite. However, in view of the likely routes of exposure, no such effect is likely.

Mutagenicity and genotoxicity {#ss16}
-----------------------------

We could find no published studies on perlite mutagenicity or genotoxicity.

Irritation and sensitization {#ss17}
----------------------------

The Health Council of the Netherlands ([@b35]) found no published studies on irritation or sensitization associated with perlite exposure. More recently, Dracheva et al. ([@b26]) examined the effects of dermal contact of "perlite sand" on male Sprague--Dawley rats. Exposed rats developed skin irritation, which prompted the study authors to recommend that workers protect themselves from this hazard. Most safety data sheets (SDS) indicate that skin and eye irritation are possible as is respiratory tract irritation.

Discussion {#ss18}
==========

Occupationally exposed populations {#ss19}
----------------------------------

As noted above, there are a substantial number of well-conducted studies of workers occupationally exposed to both perlite ore and expanded perlite, including some that were exposed to perlite dust at levels above the present OEL. Collectively, these provide strong evidence that the health effects of occupational exposure to perlite dust are relatively minimal; little (if any) pneumoconiosis, decrease in lung function, or respiratory symptoms. To be sure, these occupational studies have limitations, such as the confounding effects of cigarette smoking (particularly in the Turkish studies), small sample sizes, inadequate exposure assessment, and limited exposure durations in other studies. Nonetheless, these studies are consistent with the conclusion that perlite should be regarded as a particulate not elsewhere regulated.

Environmentally exposed population {#ss20}
----------------------------------

The *mortality study* of residents of Milos, Greece over the period from 1999 to 2009 is properly viewed as negative, with only weak and not statistically significant increases in SMR for pneumonia and COPD and deficits (i.e. SMRs \<100) in mortality from other causes including total deaths, acute respiratory infections, pneumonociosis, cancer of the lung, trachea, and bronchus, and other diseases of the respiratory system.

Results of the *morbidity study* of residents of Milos, Greece, are suggestive and cautionary, but it is not possible to ascribe the observed effects to specific mining activities or emissions (such as those related to perlite production) without further research:Over the years, residents of Milos were exposed to dusts from several different mining operations as well as geothermal sources of SO~2~ and H~2~S and the study did not attempt to quantify exposure to various mineral dusts or other agents that might cause or contribute to respiratory distress. No monitoring data are presented by Sampatakakis et al. ([@b63]) perhaps because no ambient monitoring data were available, a significant limitation.Several of the endpoints measured in the morbidity study may have many other causes or contributing factors. For example, allergic rhinitis (one of the endpoints with an elevated OR) is an allergic inflammation of the nasal airways that occurs when an allergen, such as pollen, dust or animal dander (particles of shed skin and hair) is inhaled by an individual with a sensitized immune system. Mineral dusts could cause or exacerbate allergic rhinitis, but so too could tree or grass pollen, mold spores, house mites, and work as a grape farmer (see e.g. Chatzi et al., [@b14]; Gioulekas et al., [@b32]; Papageorgiou, [@b56]). Though Milos is relatively barren, orange, olive, cypress, tamarisk, juniper, and arbutus trees grow on the island and a vineyard is also located there.It is known that there are issues with interpreting weak effects from epidemiological studies (see e.g. Boffetta, [@b6]; Boffetta et al., [@b7]; Grimes & Schultz, [@b34]). Only the OR for pneumonia exceeded the threshold for a weak effect.Although several bentonite and perlite mines and associated facilities are located on Milos, so too are other mineral mines, such as pozzolan mines. Kaolin mining has taken place episodically on Milos although production quantities have been small in comparison to bentonite or perlite. A World Health Organization ([@b85]) study on various clay materials offered this conclusion regarding kaolin: "Kaolin produces a specific pneumoconiosis, known as kaolinosis. Its fibrogenic potential is considered to be at least an order of magnitude less than that of quartz. Specific exposure limits should be set, and kaolin should not be considered an inert (nuisance) dust". Thus, it is possible that coexposures to kaolin might have contributed to the morbidity results. WHO did not evaluate perlite, but offered the following conclusion regarding bentonite: "With regard to bentonite, a comparable montmorillonite pneumoconiosis has not been consistently reported. Based on its surface chemistry, lack of fibrogenicity in experimental systems, and limited human findings, inhaled bentonite is likely to be less dangerous to humans than kaolin".Moreover, there is exposure to yet other agents on Milos. D'Alessandro et al. ([@b24]) measured H~2~S concentrations at Adamas, Fyriplaka, and Paleochori (geothermal areas on Milos) with results ranging from 1.3 to 49 µg/m^3^. Although these concentrations are well beneath OELs for this chemical, the USEPA Toxicological Review of Hydrogen Sulfide (USEPA, 2003) notes "the daily inhalation exposure \[of H~2~S\] to the human population that is likely to be without an appreciable risk of deleterious effects during a lifetime, the RfC, has been determined to be 0.002 mg/m^3^ \[2 µg/m^3^\] or 1.4 ppb", which is lower than several of the measured H~2~S concentrations. \[Material in square brackets inserted for clarity.\] D'Alessandro et al. ([@b24]) concluded that the H~2~S risk to tourists on Milos was negligible, but the exposure duration for tourists is very much lower[^8^](#fn8){ref-type="fn"} than that for residents. The RfC determined by EPA was based on a study of Sprague--Dawley rats leading to nasal lesions of the olfactory mucosa, but the respiratory system (along with the neurological system) has been reported to be a target organ by several researchers and impairments of lung function have been reported in studies of humans exposed to H~2~S.

We do not claim that any adverse pulmonary effects in permanent residents of Milos were caused by bentonite, H~2~S, kaolin, or any other of the materials to which this population was coexposed. Rather, it is important to note that (lacking additional data) it is not possible to ascribe any of the effects to any single agent or to use the results of the morbidity study to derive a risk-based exposure limit for perlite.

Finally, the reported results of the morbidity study are inconsistent with the negative results of several studies of workers occupationally exposed to perlite. Although environmental exposure occurs 24 h per day for 7 d per week whereas occupational exposure occurs only during work hours, the mining dust concentrations in the workplace are probably significantly higher than environmental exposures. However, the occupational morbidity studies examined X-rays and pulmonary mechanics while the environmental study looked at symptoms and clinical outcomes. The morbidity study speaks to a need for ongoing surveillance of the worker population.

Animal studies {#ss21}
--------------

The animal studies are relatively limited in terms of assessment of the potential toxicity of perlite. Most are short-term and/or feature not physiologically relevant routes of exposure (e.g. intratracheal instillation rather than inhalation). As noted above, the Health Council of the Netherlands ([@b35]) concluded that that the 18-month inhalation study of rats and guinea pigs was appropriate for deriving an NOAEL and associated HBROEL, although this study is relatively old and was not published in a peer-reviewed journal.

Exposure data {#ss22}
-------------

There is relatively little published exposure data. It is likely that mines and expanding plants collect such data, but these data have not been published in the peer-reviewed literature, a notable gap.

Concluding comments {#ss23}
===================

On balance, we conclude that the available toxicology and epidemiology data indicate that occupational exposure to perlite entails risks comparable to exposure to other inert insoluble ("nuisance") dusts. Companies should continue to use available means (engineering controls, workplace practices, and personal protective equipment) to ensure that workplace exposures are in compliance with applicable OELs. Continued medical surveillance of occupationally exposed cohorts is also a reasonable precaution. Special attention needs to be paid to monitor and control any exposures to respirable crystalline silica associated with any minerals mined. This review also underscores the benefits of smoking cessation programs for perlite workers.

There is only limited information on the possible effects of no occupational exposure to perlite. A mortality study of residents of Milos, Greece was negative. A companion morbidity study showed elevated ORs for allergic rhinitis, pneumonia, and COPD, but residents were co-exposed to other mining dusts and no environmental monitoring data were provided, so it is not possible to use this study to estimate possible risks from perlite exposure. Another recent morbidity study of patients of the Milos Health Centre found no correlation between occupational exposure to minerals and COPD.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

We appreciate the insightful comments of Dr. Mark J. Utell (University of Rochester School of Medicine and Dentistry, Rochester, New York, NY) on an earlier draft of this article. We also appreciate the assistance of Bill Mihalopoulos in providing copies of some of the unpublished studies referenced in this article and Michalis Stefanakis for providing the Bania et al. reference and for useful comments on perlite production technology. It is also appropriate to acknowledge the constructive comments of the anonymous reviewers of this manuscript in draft. Their comments were useful and improved the quality of this work. The conclusions are those of the authors and do not necessarily represent the views of S&B Minerals or subsidiary companies.

^1^Parting is separation along a structural plane in minerals. In the case of onionskin parting, the mineral fractures along rounded "shells" that resemble onion skin peels.

^2^This is the rock or soil overlying the mineral deposit.

^3^This is the overall range among all grades, not the range for any particular grade.

^4^A pack-year is equivalent to smoking one pack of cigarettes per day for 1 year. This is a conventional measure used in epidemiological studies of the amount a person has smoked over a long period.

^5^Wynder ([@b86]) wrote "The important point to note, however, is that the closer the risk of some association comes to unity (i.e. an SMR of 100), the more likely it is that choice of the comparison standard, bias, confounding, or inappropriate analysis may explain it and the greater the need for thorough understanding of the underlying biological mechanisms".

^6^We were unable to find published data on occupational or ambient exposures to mining dusts at Milos. There is evidence that occupational exposures to nuisance dusts have decreased over the years in some countries (see e.g. Creely et al., [@b22]), but no data for Milos.

^7^International Classification of Diseases, 9th revision.

^8^We could not find data specific to Milos, but according to the UNCTAD Handbook of Statistics, the average length of stay of tourists in Greece in 2007 was 5.37 d (see <http://www.nationsencyclopedia.com/WorldStats/UNCTAD-average-length-stay-visitors.html>).
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[^1]: Mineralholding Ltd. Data available at <http://www.mineralholding.hu/ipariasvanyok/en/raw_perlite.html>.

    Data for US taken from various mines, mineral deposit reports, and technical data sheets. Illustrative sources include Coombs, [@b17]; Ennis, 2011; USEPA, [@b78]; Huntting, [@b37]; Jaster, [@b41]; Rotella & Simandl, [@b60]; and Simandi et al., [@b68]. Endpoints of ranges may come from different deposits. Ore from all countries may contain additional minor components (e.g. TiO~2~).

[^2]: See <http://consultation.hsa.ie/general-applications/Chemical-Agents-Regulations-2011/public%20consultation%20draft%202011chemical%20agents%20COP%20January%202011.pdf>.

[^3]: See <http://www.insht.es/InshtWeb/Contenidos/Documentacion/TextosOnline/Valores_Limite/GT-LEPN024-07%20VLA%202008%20negro_2.pdf>.
